KH. Protein tyrosine phosphatase of liver regeneration-1 is required for normal timing of cell cycle progression during liver regeneration. Am J Physiol Gastrointest Liver Physiol 308: G85-G91, 2015. First published November 6, 2014 doi:10.1152/ajpgi.00084.2014.-Protein tyrosine phosphatase of liver regeneration-1 (Prl-1) is an immediate-early gene that is significantly induced during liver regeneration. Several in vitro studies have suggested that Prl-1 is important for the regulation of cell cycle progression. To evaluate its function in liver regeneration, we ablated the Prl-1 gene specifically in mouse hepatocytes using the Cre-loxP system. Prl-1 mutant mice (Prl-1 loxP/loxP ;AlfpCre) appeared normal and fertile. Liver size and metabolic function in Prl-1 mutants were comparable to controls, indicating that Prl-1 is dispensable for liver development, postnatal growth, and hepatocyte differentiation. Mutant mice demonstrated a delay in DNA synthesis after 70% partial hepatectomy, although ultimate liver mass restoration was not affected. At 40 h posthepatectomy, reduced protein levels of the cell cycle regulators cyclin E, cyclin A2, cyclin B1, and cyclin-dependent kinase 1 were observed in Prl-1 mutant liver. Investigation of the major signaling pathways involved in liver regeneration demonstrated that phosphorylation of protein kinase B (AKT) and signal transducer and activator of transcription (STAT) 3 were significantly reduced at 40 h posthepatectomy in Prl-1 mutants. Taken together, this study provides evidence that Prl-1 is required for proper timing of liver regeneration after partial hepatectomy. Prl-1 promotes G1/S progression via modulating expression of several cell cycle regulators through activation of the AKT and STAT3 signaling pathway.
THE LIVER RETAINS THE CAPACITY to rapidly respond to changes in mass in adulthood in both humans and animals. The ability to restore its functional mass is essential in the response to clinical situations such as surgical removal of part of the organ, for instance, after tumor resection or living-related liver transplantation. Liver regeneration can be modeled by the partial hepatectomy paradigm in rodents, in which 70% of the liver is removed and liver mass is restored within 10 -14 days (18) . Within 30 min of surgery, growth factor and cytokine stimulation lead to the activation of preexisting transcription factors and activation of a genetic program that stimulates normally quiescent hepatocytes and nonparenchymal liver cells to reenter the cell cycle (11, 21, 24, 33) . The genes that are either increased from basal levels of expression or are induced de novo encode proteins involved in maintaining homeostasis and stimulating cells to reenter the cell cycle and proliferate. There are at least two distinct phases of liver regeneration: a priming phase in which hepatocytes are induced to reenter the cell cycle, followed by a second phase in which hepatocytes respond to growth factors and progress through the G 1 stage of the cell cycle (11) . Among the genes induced massively following partial hepatectomy is "Phosphatase of regenerating liver 1" (Prl-1) (7), also known as PTP4a1. Expression of Prl-1 parallels hepatocyte proliferation during liver regeneration (8) .
The Prl enzymes constitute a unique subfamily of protein tyrosine phosphatases and play an important role during cell development and tissue regeneration (5) . Prl-1 expression is elevated in multiple rapidly proliferating cell and cancer types, including mitogen-induced hepatoma, NIH 3T3 cells, and a number of human tumor cell lines, suggesting that Prl-1 is involved in cell growth and tumorigenesis (7, 8, 10, 27, 31, 34) . Short-hairpin RNA (shRNA)-mediated suppression of both Prl-1 and Prl-2 significantly inhibited colony formation of pancreatic cancer cell lines (31) . Overexpression of Prl-1 in 3T3 cells resulted in rapid growth rates (7) . Overexpression of Prl-1 and Prl-2 in the epithelial cell line D27 resulted in shorter doubling times relative to control cell lines (4) . In addition, overexpression of Prl-1 and Prl-2 in these cells promoted tumor formation upon injection in nude mice (4) .
Although Prl-1 expression is significantly induced after partial hepatectomy, its function during liver regeneration in vivo remains unknown. Given that Prl-1 is overexpressed in multiple tumor cell lines, and that suppression or mutation of Prl-1 leads to delayed cell growth in vitro, we hypothesized that PRL-1 contributes to hepatocyte proliferation during liver regeneration, possibly via modulating the activity of key cell cycle regulators or signaling pathways such as the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) pathway. To address this question directly, we derived a conditional Prl-1 allele and ablated the gene in hepatocytes. Hepatocytespecific deletion of Prl-1 caused delayed liver regeneration due to altered activation of several proproliferative factors.
MATERIALS AND METHODS
Mice. The Prl-1 loxP targeting vector was constructed using standard subcloning techniques. The Prl-1 loxP targeting vector introduces two loxP sites flanking exons 2-4 into the Prl-1 gene. To allow for selection of stably transfected ES cell clones, the Prl-1 loxP targeting vector contained a neomycin resistance/thymidine kinase (neo-tk) cassette flanked by two FRT sites. The neo-tk cassette was subsequently deleted in the targeted ES clones by transient transfection with a Flp recombinase expression vector. Correctly targeted ES clones were screened by Southern blot analysis (data not shown) and injected into C57BL/6J mouse blastocysts, which were transferred to pseudopregnant NMRI females, and chimeric offspring were identified by the presence of agouti fur. Chimeric males were mated to C57BL/6 females to obtain ES cell-derived offspring, which were analyzed by genotyping of tail DNA to identify Prl-1 loxP/ϩ heterozygous mice.
Prl-1
loxP/ϩ heterozygous mice were bred inter se to obtain Prl-1 loxP/loxP homozygous mice. The ␣-fetoprotein Alfp-Cre mouse (38) was mated with Prl-1 loxP/loxP homozygous mice to obtain mice with hepatocytespecific deletion of Prl-1 (Prl-1 loxP/loxP ;Alfp-Cre mice, referred to below as "mutants").
Animal procedures. Seventy percent partial hepatectomy was performed on 12-to 14-wk-old male mice. Mice were anesthetized with isofluorane, and the upper left lobe, the upper right lobe, and lower right lobe were removed, resulting in resection of 70% of liver tissue (17) . For bromodeoxyuridine (BrdU) labeling, the BrdU-labeling reagent (Zymed Laboratories, South San Francisco, CA) was injected subcutaneously 1 h before death at a dose of 1 ml reagent/100 g body wt. Livers were collected at different time points for histology, RNA isolation, and protein preparation. Liver sections were stained for BrdU or phosphorylated histone 3 (PH3), and three random areas of each liver were imaged. BrdU-or PH3-positive cells and the total cell number per image were counted manually in blinded fashion. For the 40-h time point, the percentage of BrdU-or PH3-positive cells was calculated separately for both central vein and portal triad regions. All animal studies were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania.
RT-PCR and quantitative real-time PCR. The liver was dissected and total RNA extracted in TRIzol (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. RNA was reverse transcribed using 1 g oligo(dT) primer, Super-Script II Reverse Transcriptase, and accompanying reagents (Invitrogen). The RT-PCR reaction mixture contained cDNA, 0.25 mM dNTP, 1ϫ PCR buffer, 0.2 l of Taq DNA polymerase (Invitrogen), and 0.25 M forward (ggctgtatgattaggccacaa) and reverse (caccatggatggtctgagagt) primers for amplification of the Prl-1 cDNA. For quantitative real-time PCR, the reaction mixture was prepared using SYBR GreenER qPCR SuperMix Universal (Invitrogen). Mitogen primers are as follows: epithelial growth factor (EGF) (cacaactgcggtgagaatgc; aaatggtggccatcttcccc), hepatocyte growth factor (HGF) (atttacggctggggctacac; acatccacgaccaggaacaa) transforming growth factor (TGF) (tcccaacatccctttcctctc, agggaccaacgtcaccatcta), amphiregulin (Areg) (cagtgcacctttggaaacgata; acaactgggcatctggaacc), fibroblast growth factor (FGF) 1 (tggggacaatgtctgtcagc; gtgactgaccgttgagggtt), FGF2 (ggctgctggcttctaagtgt; ttctgtccaggtcccgtttt), interleukin (IL)-6 (gacaaagccagagtccttcaga; aacgcactaggtttgccgag), tumor necrosis factor (TNF) (agaccctcacactcagatca; acaaggtacaac- -1 loxP/loxP ;AlfpCre) mice, the length of the smaller transcript is 507 bp. C: the liver and body weight of 5-wk-old male and female mice were measured to calculate the liver-to-body weight ratio (n ϭ 5). ccatcggc), platelet-derived growth factor (PDGF) (gtactgaatttcgccgccac; ctcagcccctacggagtcta), vascular endothelial growth factor (VEGF) (taaatcctggagcgttcactgt; ttccggtgagaggtctggtt), stem cell factor (SCF) (ctggaagaagaaacagtcaagtct, aggtcacgggtagcaagaac), angiopoietin1 (Angpt1) (atgttcgaaaactcatcttgggt; ttgctacacacatgttgggatt), and angiopoietin2 (Angpt2) (gagtccaactacaggattcacct; ccggaccccttccagtagta). Reactions were performed on a Mx4000 Multiplex Quantitative PCR System (Stratagene). All reactions were performed in triplicate with reference dye normalization, and median threshold cycle values were used for analysis.
Immunohistochemistry. Livers were fixed in 4% paraformaldehyde overnight at 4°C, washed with 1ϫ PBS and 70% ethanol, embedded in paraffin, and cut to 6-m sections. Slides were subjected to microwave antigen retrieval by pressure cooker in 10 mM citric acid buffer (pH 6.0). Slides were quenched in 2.25% hydrogen peroxide at room temperature for 20 min. Slides were blocked with avidin D blocking reagent (Vector) and biotin blocking reagent (Vector) for 15 min each at room temperature, with a quick rinse of 1ϫ PBS in between. All slides were blocked with protein-blocking reagent (Immunotech) for 20 min at room temperature. The primary antibodies against BrdU (B2850-01; U.S. Biological) or PH3 (06 -570; Upstate Biotech) were diluted in 1ϫ PBS 1,000-or 5,000-fold, respectively. Slides were incubated in primary antibody overnight at 4°C, washed in 1ϫ PBS, and then incubated with horseradish peroxidase (HRP)-conjugated anti-sheep antibodies (1:200; Vector Laboratories) or anti-rabbit antibodies (1:200; Vector Laboratories) for 30 min at 37°C. Slides were rinsed with 1ϫ PBS and incubated with HRPconjugated ABC reagent (Vector Elite kit) for 30 min at 37°C. After being washed, slides were developed using a DAB substrate kit (Vector Laboratories) and counterstained with hematoxylin.
Western blot analysis. Whole cell lysates were prepared from livers after partial hepatectomy, and 50 g of protein were resolved by SDS-PAGE (4 -12% gel; Invitrogen). Resolved proteins were transferred to PVDF (Invitrogen) membranes, and cyclin A2 (ab7956, 1:200; Abcam), cyclin B1 (H-433, sc-752, 1:200; Santa Cruz Biotechnology), cyclin D1 (RM-9104-S, 1:150; Thermo Scientific), cyclin E (sc-247; Santa Cruz), cyclin-dependent kinase 1 (CDK1, 9112, 1:1,000; Cell Signaling), phosphorylated (p) CDK1 (Tyr 15 , 9111, 1:1,000; Cell Signaling), pan-AKT (9272, 1:1,000; Cell Signaling), p-AKT (Ser 473 , 9271, 1:1,000; Cell Signaling), glycogen synthase kinase (GSK) 3-␤ (9315, 1:1,000; Cell Signaling), p-GSK3-␤ (Ser 9 , 9336, 1:1,000; Cell Signaling), Erk1/2 (4695, 1:1,000; Cell Signaling), p-Erk1/2 (9101, 1:1,000; Cell Signaling), signal transducer and activator of transcription (STAT) 3 (9132, 1:1,000; Cell Signaling), and p-STAT3 (Tyr 705 , 9131, 1:1,000; Cell Signaling) immunoreactivity was detected using the antibodies specified. Immunoreactivity was visualized by use of ECL (manufacturer's protocol). For loading control, we employed an antibody against ␤-actin (4970, 1:1,000; Cell Signaling). Bands were quantified by densitometry.
RESULTS

Deletion of Prl-1 does not affect liver development and growth.
Previous studies have suggested that Prl-1 might play a role in hepatocyte proliferation, since Prl-1 expression is significantly induced during liver development and regeneration following partial hepatectomy (8) . The function of Prl-1 in the liver, however, has never been investigated in vivo. To address this question directly, we derived mice deficient for Prl-1 in hepatocytes using the Cre-loxP system as shown in Fig. 1A . Exons 2-4 of the Prl-1 gene were flanked with loxP sites, which results in a null allele after Cre-mediated recombination. Prl-1 loxP/loxP mice were bred with Alfp-Cre transgenic mice, which have been shown previously to efficiently target loxP-flanked loci in fetal hepatoblasts (38) . Efficient deletion of Prl-1 in the liver was demonstrated by RT-PCR (Fig. 1B) and DNA sequencing of the deleted allele (data not shown). The RT-PCR product of the wild-type Prl-1 transcript has a size of 1,524 bp, and deletion of exons 2-4 of the Prl-1 gene generates a smaller transcript of 507 bp (Fig. 1B) . Quantitative RT-PCR data confirm the absence of Prl-1 mRNA expression in Prl-1 mutant liver (data not shown).
To assess whether deletion of Prl-1 affects liver development or postnatal growth, we determined the liver-to-body ratio in control and mutant mice. For both male and female mice, the absence of Prl-1 did not affect liver size in adult mice significantly (Fig. 1C) . Next, we measured various metabolic parameters to investigate whether liver function was altered by Prl-1 deletion (Table 1 ). Blood serum tests indicated that the levels of these metabolites and liver enzymes were comparable between control and mutant mice for both male and female mice. Alanine aminotransferase (ALT) values were slightly higher in mutant female mice compared with control values but fell within the normal ALT reference range (24 -140 U/l). These data demonstrate that Prl-1 is dispensable for liver development, postnatal growth, and normal liver homeostasis.
Prl-1 mutants exhibit delayed cell cycle progression during liver regeneration. Expression of Prl-1 is nearly undetectable in the adult quiescent liver; however, it is markedly induced in rats 16 h posthepatectomy (8) , indicating a potential role for Prl-1 in liver regeneration. We determined Prl-1 mRNA ex- Sera of 5-wk-old mice were collected, and various metabolic parameters, including aspartate aminotransferase (AST), alanine aminotransferase (ALT), creatine phosphokinase (CPK), lactate dehydrogenase (LDH), amylase, urea nitrogen (BUN), creatinine (Creat), total bilirubin (T Bili), uric acid (Uric), albumin, and total protein (TP) were determined. The levels of these metabolites were comparable between control and protein tyrosine phosphatase of liver regeneration-1 mutant mice. *P value comparing control and mutant biochemistry values using the Student's t-test.
# Statistical significance, P Ͻ 0.01. pression in mice and found it peaked 40 -48 h posthepatectomy (Fig. 2E) . To determine whether deletion of Prl-1 affects liver regeneration, we performed 70% partial hepatectomy in adult male control and mutant mice (12-14 wk old). BrdU was given to the mice 1 h before death, livers were collected, and sections were stained for BrdU at 0, 24 (1 day), 40, 48 (2 days), 72 (3 days), and 168 (7 days) h posthepatectomy (Fig. 2) . Prl-1 mRNA was confirmed to be absent before and posthepatectomy in Prl-1 mutant liver, and Prl-2 mRNA expression remained unchanged between control and Prl-1 mutant liver (data not shown). Quantification of BrdU-positive hepatocytes during the posthepatectomy time course showed that controls had the highest proportion of cells in S phase at 40 h, whereas this posthepatectomy peak of BrdU incorporation was blunted in Prl-1 mutants (Fig. 2, A and B) . Wnt signaling has been shown to determine metabolic zonation by regulating pericentral gene expression and proliferation in response to liver injury (2, 29, 30, 32) . To investigate if the zonation of replication is altered in Prl-1 mutants, the percent of proliferation was quantified at the central vein and portal triad regions of the liver. Prl-1 mutants showed a significant reduction in the hepatocyte proliferation rate in both central vein (30%) and portal triad (34%) regions at 40 h posthepatectomy (Fig. 2C) . Mutant hepatocytes exhibited higher labeling indexes at 48 and 72 h posthepatectomy than controls (Fig. 2B) . This delayed proliferative response did not affect liver mass restoration, as indicated by the liver-to-body weight ratio (Fig. 2D) .
Next, we analyzed the number of hepatocytes in mitosis by immunohistochemical staining of liver sections for PH3 (Fig.  3A) . Quantification of PH3-positive cells showed a 69% decrease of mitotically active hepatocytes in Prl-1 mutants at 40 h posthepatectomy (Fig. 3B) . Taken together, these data demonstrate that Prl-1 is important for the timing of cell cycle progression during liver regeneration. Similar effects on the time course, but not on ultimate restoration of liver mass, have been observed in previous mouse mutants for key regulators, indicative of the multiple redundant pathways that ensure adequate liver mass in vertebrates (see DISCUSSION). 
Prl-1 regulates the protein levels of cyclin E, B1, A2, and p-CDK1 at 40 h posthepatectomy.
We investigated the molecular mechanism responsible for the delay in hepatocyte cell cycle progression in Prl-1 mutant mice detailed above. Protein levels of key cell cycle regulators were measured by Western blot analysis in livers 40 h posthepatectomy, the time point with the largest impact of Prl-1 deficiency. We observed reduced protein levels of the cell cycle regulators cyclin E, cyclin B1, and cyclin A2 in Prl-1 mutants (Fig. 4, A-E) . Unphosphorylated and p-CDK1 protein levels were also significantly reduced at 40 h posthepatectomy (Fig. 4, A and F , and data not shown). The decrease of the G 1 /S cyclin E likely contributes to the delayed cell cycle progression in mutant hepatocytes detected by BrdU incorporation. The lower levels of the G 2 /M cyclins A2 and B1 reflect the delayed cell cycle progression in Prl-1 mutant mice.
Prl-1 mutants display attenuated activation of AKT and STAT3 at 40 h posthepatectomy. After loss of liver mass following partial hepatectomy, or in response to liver injury due to carbon tetrachloride, ethanol, or acetaminophen exposure, several signaling networks are activated by cytokines and growth factors, including IL-6, TNF-␣, hepatocyte growth factor, epidermal growth factor, and TGF-␤ (3, 12). To investigate whether the expression of the hepatic mitogens HGF, FGF1 and -2, and the EGFR ligands were changed due to Prl-1 loss, we assessed the levels of HGF, EGF, TGF␣, Amphiregulin, FGF1, and FGF2 in the liver of Prl-1 mutants at 0, 24, and 40 h posthepatectomy. Although HGF mRNA levels were nearsignificantly reduced in Prl-1 mutant livers at 0 h (P ϭ 0.05), all four mitogens increased to control levels by 24 h posthepatectomy (data not shown). Similarly, no significant difference in mRNA expression of the indirect hepatocyte mitogens TNF-␣ or IL-6, the hepatocyte-produced stellate cell mitogen PDGF, or the endothelial mitogens VEGF, SCF, Angpt1, or Angpt2 were detected between Prl-1 mutants and control liver at 0, 24, or 40 h posthepatectomy (data not shown).
Signaling networks such as the Ras/ERK/MAPK, PI3K/ AKT, JAK/STAT3, and GSK3-␤ pathways cooperate in liver repair and lead to full regeneration of the organ. Therefore, we assessed the activation of these signaling pathways in the Prl-1-deficient regenerating liver. Prl-1 mutants exhibited lower levels of total and p-AKT at 40 h posthepatectomy, but neither total nor p-ATK levels were significantly different at 0 h (Fig. 5 , A-C, and data not shown). In contrast, Erk1/2 and p-Erk1/2 expression was unchanged between control and mutant mice (Fig. 5A) . Similarly, there were no differences in p-GSK3-␤ levels (Fig. 5A ). In addition, total STAT3 and p-STAT3 levels were moderately but significantly lower at 40 h, but not 48 h, posthepatectomy in Prl-1 mutants (Fig. 5, A, D , and E). These data indicate that hepatocyte-specific deletion of Prl-1 altered AKT and STAT3 signaling pathways during liver regeneration.
DISCUSSION
During liver regeneration after 70% partial hepatectomy, quiescent hepatocytes enter the cell cycle and undergo one or two rounds of replication to restore liver mass. This process is regulated by cytokines, growth factors, and the signaling pathways activated by these factors (3, 12) . The protein tyrosine phosphatase Prl-1 contributes to cell proliferation in cultured cell lines, and its expression is induced dramatically in the regenerating liver (1, 7, 8, 13, 31, 34, 35) . Here, we demonstrate that Prl-1 is important for the timing of hepatocyte cell cycle entry in vivo. Consistent with this observation, shRNAmediated suppression of Prl-1 causes decreased proliferation in human lung cancer cells in vitro (1) , and overexpression of Prl-1 promotes cell growth and accelerated entry into S phase in NIH 3T3 cells and D27 hamster pancreatic ductal epithelial cells (7, 35) .
Although Prl-1 deletion caused a delay in cell cycle progression during liver regeneration, liver mass was nevertheless restored by the 7th day posthepatectomy. There are two possible explanations for this observation. First, Prl-2 is ubiquitously expressed in many tissues, including the liver (9, 37), and may compensate for the loss of Prl-1 function in hepatocytes. Thus, pancreatic cell lines showed decreased cell growth only when treated with both Prl-1 and Prl-2 small-interfering RNA (31) , indicating that these two proteins have redundant roles in this context. However, we saw no compensatory upregulation of Prl-2 expression in Prl-1 mutants compared with controls throughout the posthepatectomy time course (data not shown). Second, regaining liver mass despite delayed entry into S phase is a common phenomenon in animal models that are defective in liver regeneration (16, 22, 25, 28) . Maintaining functional liver mass is so essential for life that vertebrates have evolved multiple redundant pathways to guarantee this process (23) .
In parallel with the delay of liver regeneration in Prl-1 mutants, we also observed a lack of upregulation of cyclin E, cyclin A2, cyclin B1, and CDK1 at 40 h posthepatectomy, the peak of DNA synthesis during liver regeneration in mice. The failure to induce cyclin E to the full extent likely contributes to the G 1 /S delay in Prl-1 mutant mice detected by BrdU incorporation. In the liver, STAT3 is activated by the IL-6 family cytokines and IL-22, and the IL-6/STAT3 signaling pathway plays a critical role in liver regeneration (6, 15, 19, 22, 25) . STAT3 has been suggested to regulate the G 1 /S transition during liver regeneration through the upregulation of G 1 /S cyclins, including cyclin E (14, 22) . We found STAT3 expression attenuated 40 h posthepatectomy in Prl-1 mutants, which correlated with decreased cyclin E and cyclin A2 expression and delayed cell cycle progression. Ultimately, liver mass was restored by the 7th day posthepatectomy in Prl-1 mutants. Similarly, hepatocyte-specific deletion of STAT3 causes reduced DNA synthesis at 40 h posthepatectomy; however, liver mass is restored normally in this model 1 wk posthepatectomy due to intact MAPK activation and upregulation of STAT1 (22, 25) .
AKT signaling is known for its roles in cell survival and cell cycle regulation in the regenerating liver (20) . During liver regeneration, AKT is rapidly activated and promotes cell survival and cell proliferation (19) . Mice transgenic for a constitutively active AKT mutant increase liver size by threeto fourfold (26) . Furthermore, a recent study demonstrated that micro-RNA-21 accelerates hepatocyte proliferation via activating the PI3K/AKT pathway and elevating cyclin E levels (36) . Consistent with the role of AKT in liver regeneration, we observed reduced activation of AKT in Prl-1 mutant livers at 40 h posthepatectomy, which might contribute to delayed liver regeneration in Prl-1 mutants. Future studies will be needed to elucidate the precise molecular links between Prl-1 and its effect on AKT, STAT3, and liver regeneration.
